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gene expression only if applied within the ﬁrst 2–3 days of Arabidopsis seedling development. How-
ever, the signal transduction processes are still unknown. In this investigation, we found 3% glucose
with 1 mM chloramphenicol co-treatment repressed LHCB transcript signiﬁcantly in mature Arabid-
opsis seedlings, while effective solo glucose treatment needed a concentration of 7%. The repressive
effects of glucose and chloramphenicol on LHCB expression were inhibited in phxk (plastid hexoki-
nase) mutant. pHXK enzyme activities, location, function in signal transduction, and cross talk to
plastid GUN1 protein (a key signaling factor) were also investigated. The data suggest that pHXK
may be a node of convergence for sugar-mediated and PGE-derived signals in Arabidopsis.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Plastid biogenesis involves precise coordination of both plastid
and nuclear gene expression. Developmentally arrested or dam-
aged plastids can regulate nuclear gene expression via retrograde
signaling pathways [1]. Five plastid-to-nucleus retrograde signal-
ing pathways have been described [1,2]. One of these pathways
may relate to some chlorophyll-biosynthetic-intermediates (or
called tetrapyrroles). Another signal is induced by inhibition of
plastid gene expression (PGE). The third may correlate with sugar
signal. The forth signal is controlled by the redox state of the pho-
tosynthetic electron transport chain (PET), and the ﬁfth employs
reactive oxygen species (ROS). These ﬁve pathways may be part
of a complex signaling network that links the functional and phys-
iological state of the plastids to the nucleus [3–8].
The treatments of plants with chloramphenicol (CAP) or
lincomycin, which inhibit plastid gene expression (PGE), resulted
in decreased expression levels of photosynthesis-associated-
nuclear-genes (PhANGs). The inhibitors were effective in prevent-
ing nuclear gene expression only if applied within the ﬁrst 2–3 days
of Arabidopsis seedling development [9]. PGE-dependent pathway
requires GUN1 (Genomes uncoupled protein 1) and ABI4chemical Societies. Published by E
n).(a sugar-response transcription factor) [1], but it is independent
of light [10], therefore may be independent of reactive oxygen spe-
cies (ROS). The early roles of PGE inhibitors have been reported for
more than 20 years [11]. However, the signal transduction pro-
cesses are still unknown. Here we uncover the interesting mecha-
nism that PGE-derived signal is closely related to sugar signals.
Inhibition of plastid gene expression increases cellular sensitivity
to sugar.
According to previous report [1], sugar signal could be identi-
ﬁed as another plastid-derived signal, which represses PhANGs
through a common factor in plastid, GUN1. Therefore, there should
be sugar signal sensors acting upstream of GUN1. Hexokinase not
only catalyzes hexose metabolism, but also acts as a hexose sensor
in plants [12]. Arabidopsis hexokinase1 (HXK1) is the best charac-
terized glucose signaling protein. The isolation and characteriza-
tion of a null mutant of AtHXK1, gin2-1, revealed associated
phenotypes including reduced shoot and root growth, reduced leaf
expansion, increased apical dominance, delayed ﬂowering and
senescence, decreased auxin sensitivity, increased cytokinin sensi-
tivity, and changes in transcript levels of several target genes [13].
AtHXK2 functions similarly with the AtHXK1, and is responsive to
environmental stresses [14]. AtHXK3 distributes in the plastid,
however its signaling role remains unknown [14,15]. In this work,
we identify and analyze the Arabidopsis plastid sugar signal sensor
AtHXK3, also called plastid hexokinase (pHXK) in this study. Our
results suggest that pHXK is a node of convergence for sugar-med-
iated and PGE-mediated signals in Arabidopsis.lsevier B.V. All rights reserved.
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2.1. Plant material and growth conditions
Arabidopsis mutants were in the Col-0 background. Plants
homozygous for the T-DNA insertion were identiﬁed based on
the PCR analysis. phxk,gun1 and hxk1,hxk2 double mutants were
acquired by performing genetic crossing, and the progenies were
analyzed by PCR. For germination, greening and chloramphenicol
experiments to phxkmutant, seeds were surface sterilized and pla-
ted on 1/2 MS medium containing 0–7% glucose, 1 mM chloram-
phenicol (Sigma; St Louis, MO), 220 lg/ml lincomycin (Sigma), or
5 lM norﬂurazon for 7 days (12 h lmol m2 sec1 light/12 h dark
cycles at 21 C). Other seedlings were grown under 12 h/
12 h light/dark cycles of medium light (100 lmol m2 sec1) at
21 C for 3 weeks.
2.2. Arabidopsis transformation
cDNA fragments of At2g31400 (GUN1) including 1.5 kb ORF and
At1g47840 (pHXK) including 1.5 kb ORF sequence were ampliﬁed
by PCR and cloned into pBIB-BASTA-35S-GWR-GFP vectors carry-
ing 35S promoter and GFP tags by the Gateway method [16]. phxk
plants were transformed by the ﬂoral-dip method [16] and trans-
genic lines were selected on Glufosinate–ammonium (Sigma).
Wild-type plants were transformed with empty pBIB-BASTA-35S-
GWR-GFP vectors as the control. For hexokinase activity measure-
ment, wild-type plants were transformed with the same vectors to
generate pHXK over-expressing plants.
2.3. Sugar treatments
Except germination, greening and chloramphenicol experi-
ments with phxk mutant, all other Arabidopsis seedlings grown
for 3 weeks were carefully removed from the soil, washed and
soaked with tap water (for 20 min to alleviate root damages) and
dried brieﬂy with paper towels to remove surface water. Sugar
treatments were performed by submerging the roots of seedlings
into 1/2 Hoagland solution with 2–7% glucose with or without
1 mM Chloramphenicol (CAP) for 48 h. 7% sorbitol did not affect
LHCB expression (data not shown), which suggested that our re-
sults are not the response to osmotic stress.
2.4. RNA extraction and quantitative real-time PCR
At the time points of 10-h-light and 10-h-dark in the 12/12 h
dark/light cycles, the cellular total RNA was extracted by an easy
method [17]. LHCB (LHCB1.1, At1g29920), ADH2 (At5g43940), a-
AMY3 (At1g69830), GUN1 (At2g31400) and pHXK (At1g47840)
expression levels were detected by quantitative real-time PCR
analysis. The cDNA was ampliﬁed by using SYBR Premix Ex Taq
(TaKaRa). The Ct (threshold cycle), deﬁned as the PCR cycle at
which a statistically signiﬁcant increase of reporter ﬂuorescence
was ﬁrst detected, was used as a measure for the starting copy
numbers of the target gene. Three technical replicates were per-
formed for each experiment. PP2AA3 (encoding protein phospha-
tase 2A subunit A3, At1g13320) and ACTIN1 genes were used as
internal controls. All primers are shown in Supplementary Table 1.
2.5. Confocal spectroscopy
Three-week-old seedlings were subjected for ﬂuorescence
observation. Confocal images were acquired with an SP2 confocal
laser scanning system equipped with an inverted microscope (Lei-
ca) and a 340 water immersion objective. Excitation wavelengthwas 405 nm, and representative images were taken from 507 to
537 nm and 680 to 710 nm for the speciﬁc emission of GFP and
chlorophyll, respectively [18].
2.6. In vitro protein import assay and hexokinase activity
measurement
pHXK cDNA (At1g47840) and were ligated into pBluescript SK
vector downstream of the T7 promoter. In vitro transcription,
translation and import into isolated chloroplasts were performed
as described [19,20]. Hexokinase activity was measured as de-
scribed [21]. Detailed procedures are described in Supplementary
data.
2.7. Soluble sugar and chlorophyll measurement
Soluble sugar contents of Arabidopsis, oil-seed rape, barley and
maize seeds germinated for 1–9 days were measured according to
Fairbairn [22]. The whole plants (seeds or the seedlings) were used
for sugar level detection. For plastid carbohydrate determination,
intact plastids were prepared immediately from fresh Arabidopsis
leaves according to Tu et al. [20], and then the plastid fresh weight
and the plastid soluble sugar content were detected. For greening
experiment, seedlings were grown in the dark on 1/2 MS plates
with or without 2% glucose for 6 days and then transferred to light.
Chlorophyll contents were measured as described by Mochizuki
et al. [23].
2.8. Statistics analysis
All quantitative real-time PCR and sugar level determination
were repeated four times, and typical results are presented and
the standard deviations (n = 4) were shown. Student’s t test was
used for comparison between different treatments. A difference
was considered to be statistically signiﬁcant when P < 0.05.
3. Results
3.1. PGE signal is a kind of sugar-dependent signal
The plastid gene expression (PGE) inhibitors were effective in
preventing PhANG expression only if applied within the ﬁrst 2–
3 days of Arabidopsis or oil-seed rape (data not shown) seedling
development (Fig. 1A). Contrastingly, we found that the effect of
preventing PGE existed after 7–9 days of barley or maize (data
not shown) seed germination (Fig. 1B). Barley and maize contain
much higher levels of soluble sugars than Arabidopsis or oil-seed
rape, and their levels decrease more slowly during seedling devel-
opment (Fig. 1C). Thus, PGE signals may be correlated with sugar
signals. Further investigation in mature Arabidopsis seedlings
showed that over 3% glucose with 1 mM CAP co-treatment re-
pressed LHCB transcript signiﬁcantly, while effective solo glucose
treatment needed a concentration of 7%, and solo CAP treatment
had no effect on LHCB expression (Fig. 2A). It could be speculated
that the PGE inhibitors lower the threshold for sugar sensing. Lose
of PGE signals in mature seedlings may be due to their largely de-
clined sugar levels (lower than the threshold). GUN5 encodes the
H-subunit of Mg-chelatase (CHLH) catalyzing Mg-protoporphyrin
IX (Mg-ProtoIX) synthesis, and the GUN5 protein was proposed
to be involved in herbicide Norﬂurazon-derived plastid signaling,
but not sugar or PGE-derived plastid signaling [1–9]. Therefore,
gun5 mutant was selected as a negative control. LHCB expression
in gun5 mutant could be repressed by 7% glucose or 3% glu-
cose + CAP (Fig. 2A), like the wild-type, suggesting that GUN5 does
not mediate the sugar-related plastid signals.
Fig. 1. Effects of chloramphenicol on LHCB expression and soluble sugar levels of
newly-germinated seedlings. (A and B) PGE inhibitors increase the sensitivity of
pHXK to sugar. Arabidopsis (A) and barley (B) seeds (examples were shown)
germinated for different days were transferred to 1 mM chloramphenicol (CAP)
treatment for additional 48 h. LHCB (LHCB1.1, At1g29920) expression was detected
by quantitative real-time PCR. (C) Soluble sugar contents decrease during germi-
nation. At the time point of 10-h-light in the everyday dark/light cycle, the
seedlings were harvested. Barley and maize contain much higher levels of soluble
sugars than Arabidopsis and rape, and decrease more slowly during germination.
F.W. means fresh weight of whole seedlings (seeds). Error bars show standard
deviations (n = 4).
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Then the roles of putative sugar sensors in sugar and PGE sig-
naling have been identiﬁed. A large part of cellular sugar signals
are sensed by hexokinases, and in Arabidopsis, only one hexoki-
nase is possibly located in plastid [14]. The mutant of this plastid
hexokinase (pHXK, AT1G47840) and two non-plastid hexokinase
mutants (hxk1 and hxk2) were subjected to sugar signaling and
PGE signaling studies. LHCB expression in wild-type was signiﬁ-
cantly reduced in response to exogenous 7% glucose, but only
slightly decreased in hxk1, hxk2 and abi4 (a sugar insensitive
mutant), and largely unchanged in phxk and gun1 mutants or
hxk1,hxk2 double mutant (Fig. 2B).Glucose also repressed a-AMY (encoding a-amylase) and en-
hanced ADH2 (encoding alcohol dehydrogenase) gene expression
[24], whereas the expression of hxk1, hxk2 and abi4 seedlings
was less affected, and almost unchanged in phxk and gun1mutants
or hxk1,hxk2 double mutant (Fig. 2B). CAP treatment (early during
seed germination) resulted in a large reduction (over 90%) in LHCB
transcript levels in wild-type and gun5 seedlings (Fig. 3A). In con-
trast, LHCB transcripts in hxk1 or hxk2 mutant was reduced to only
30% of controls, and transcripts in abi4mutant was reduced to only
60% of the control, and in gun1 or phxk mutant or gun1,phxk or
hxk1,hxk2 double mutant the transcript was about 80–90% of the
control (Fig. 3A). The results indicate that, like GUN1 and ABI4,
pHXK plays a role in PGE-dependent signaling. While HXK1 and
HXK2 may also weakly participate the PGE/sugar signaling. But
the hxk1,hxk2 double mutant completely loses the sugar signaling,
like phxk or gun1 single mutant.
Chloramphenicol can cause seedling lethality because that CAP
inhibits both chloroplast and mitochondria ribosome activity. In
contrast, lincomycin (LIN) and NF more speciﬁcally inhibit chloro-
plast biogenesis thereby forcing seedlings to be heterotrophic
rather than killing them [11]. Therefore, the GUN phenotype
shown in phxk mutant might be due to the side-effect of CAP. For
this reason, we tested LHCB expression in phxk, gun1 and gun5mu-
tants after early LIN or NF treatment (during seed germination).
Again, phxk mutant and hxk1,hxk2 double mutant showed GUN
phenotypes at the LIN treatment, but not at the NF treatment
(Fig. 3A). Contrastingly, gun5 mutant was insensitive to NF treat-
ment, but sensitive to LIN. While gun1 mutant maintained its rela-
tively high level of LHCB expression under all the treatments
(Fig. 3A). Therefore, pHXK mediates the PGE/sugar-dependent sig-
naling, and GUN5 mediates the NF-derived signaling. NF and PGE/
sugar generate a common plastid signal via GUN1 protein.
Like abi4 and hxk1, germination of phxk and greening of etio-
lated phxk seedlings were slightly less inhibited by exogenous glu-
cose (Fig. 3B and C), compared with the wild-type seedlings,
suggesting that they might be glucose-insensitive mutants, which
is different to a fact that gun1 is not strictly a glucose-insensitive
mutant [1].
3.3. Enzyme activity and subcellular location of pHXK and its relation
to GUN1 protein
pHXK displays a relatively low activity of hexokinase, like the
HXK2 in tobacco [21]. The Michaelis constant (Km) of pHXK to dif-
ferent sugar substrates declined in the order mannose > glu-
cose > fructose (Supplementary Fig. 1B). pHXK has a putative
plastid-targeting signal sequence at its N terminus (Supplementary
Fig. 1A). Its plastid stromal localization was assayed by in vitro pro-
tein import experiments (Supplementary Fig. 1D). A precursor pro-
tein of 55 kDa pHXK was efﬁciently imported into intact isolated
plastids from both spinach and Arabidopsis. Within the plastids,
the proteins accumulated in the stroma fraction where it was
found to be processed to 51 kDa, which is in line with the sizes ex-
pected for the mature polypeptides after removal of the chloroplast
targeting transit peptide.
Then the subcellular location of pHXK was further conﬁrmed by
confocal spectroscopy observation. phxk plants were transformed
with pHXK-GFP or GUN1-GFP fusion driven by the cauliﬂower mo-
saic virus CaMV 35S promoter. Using confocal laser scanning spec-
troscopy, we could clearly observe colocalization of the chlorophyll
and GFP signals (Fig. 4A), indicating that, like GUN1, pHXK is lo-
cated in plastid [15], although the GUN1-GFP protein distributes
sporadically at active transcription sites on the plastid DNA [1].
This observation is different from spinach hexokinase I, which is lo-
cated in the outer envelope membrane of plastids [25]. Full-length
Fig. 2. Effects of chloramphenicol and glucose on representative gene expressions in mature Arabidopsis seedlings. (A) LHCB mRNA accumulation in mature (3-week old)
Arabidopsis seedlings (wild-type and gun5mutant) treated by 1 mM CAP with or without 2–7% glucose (S) for 48 h. (B) LHCB (LHCB1.1, At1g29920), ADH2 (At5g43940) and a-
AMY (At1g69830) mRNA accumulation in mature wild type, hxk1, hxk2, phxk, gun1, abi4 and hxk1  hxk2 seedlings treated with 7% glucose (S) for 48 h. Gene expression was
detected by quantitative real-time PCR. Error bars show standard deviations (n = 4).
Fig. 3. phxk is a glucose-insensitive mutant with a GUN Phenotype. (A) LHCBmRNA accumulation in 7-day-old CAP, LIN or NF-treated wild-type and mutant plants. Seedlings
were grown on CAP, LIN or NF containing media under 12/12 h light/dark cycles of medium light for 7 days. LHCB (LHCB1.1, At1g29920) expression was detected by
quantitative real-time PCR. (B) Effects of sugar on greening of etiolated seedlings. Seedlings were grown in the dark on 1/2 MS plates with (white column) or without (dark
column) 2% glucose for 6 days and then transferred to medium light for 24 h. Chlorophyll content was measured as described. (C) Inhibition of wild-type (WT), abi4, hxk1,
phxk and gun1 germination after 7 days by 7% glucose. Error bars show standard deviations (n = 4).
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Fig. 4. Subcellular locations and phenotypes of phxk mutant and phxk mutant complemented with phxk or gun1 fragment. (A) GUN1 and pHXK both localize within
chloroplasts. Wild-type and gun1 Arabidopsis were transformed with Agrobacterium carrying the indicated constructs. Chlorophyll auto-ﬂuorescence (red) and GFP
ﬂuorescence (green) was imaged by confocal microscopy. Scale bar, 25 lM. (B) Genomic fragments of At1g47840 complement phxk, but overexpression of GUN1 could not
suppress the phxk phenotype. LHCB (LHCB1.1, At1g29920) expression was detected by quantitative real-time PCR. Error bars show standard deviations (n = 4).
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The GUN1 pathway integrates multiple chloroplast-derived signals
[1], and hereby it should act downstream of pHXK. However over-
expression of GUN1-GFP could not suppress the phxk phenotype.
LHCB mRNA levels in a phxk, gun1 double mutant were similar to
the gun1 or phxk single mutant (Fig. 4B). It could be concluded that
both pHXK and GUN1 are required for sugar signaling in plastids.
phxk, phxk transformed with pHXK-GFP or GUN1-GFP and gun1
plants do not show any visible phenotype, and they have normal
levels of chlorophylls and normal-developed plastids, similar to
the wild-type plants (Supplementary Fig. 2), suggesting that
pHXK/GUN1 signaling is not related with chlorophyll metabolism.
We further investigated whether pHXK and GUN1 transmit the
signals by promoting their transcripts. Previous studies showed
that the steady-state level of GUN1 protein is not changed in seed-
lings treated with NF or LIN [1]. Nowwe show that the steady-state
level of GUN1mRNA is also not regulated by CAP, sugar or NF (Sup-
plementary Fig. 3). Contrastingly, pHXK is a sugar-inducible gene,
whose expression increases with the sugar level (Supplementary
Fig. 3). The protein level changes of pHXK need further
investigations.
3.4. Further conﬁrmation of the role of pHXK and GUN1 proteins in
sugar/PGE signaling
The signaling role of pHXK and GUN1 has been conﬁrmed by
further experiments, and the threshold of sugar sensing for
Arabidopsis plastids has been identiﬁed. Carbohydrate levels in
the plastids vary signiﬁcantly over the day/night cycle [26] andin response to changes of the environment, such as exposure to
low temperatures [27]. For this reason, some mature Arabidopsis
seedlings grown under 12 h/12 h day–night cycles were subjected
to 4 C and CAP + glucose treatments for 96 h, and then the plastid
sugar level and LHCB expression were detected. For all seedlings
including gun1, phxk and WT, LHCB (LHCB1.1, At1g29920) tran-
scripts were almost the same before illumination for 2 h or after
illumination for 10 h at the day/night cycle, and could be repressed
a little by the cold stress (data not shown). From Supplementary
Fig. 4, we know that the threshold of plastid soluble sugars for
LHCB repression is about 50 mg g1 plastid fresh weight, which
could be decreased to about 25 mg g1 plastid fresh weight by
additional 1 mM CAP treatment. The corresponding threshold level
for sugar sensing based on total seedling fresh weight during ger-
mination is about 2–3 mg g1 seedling fresh weight, and could be
decreased to about 1 mg g1 seedling fresh weight by additional
1 mM CAP treatment (Fig. 1C). On the contrary, no sugar threshold
could be identiﬁed for phxk and gun1 mutants, because of their
insensitivity to all sugar treatments, although the plastid sugar lev-
els at the day/night cycles and under the cold stress in phxk and
gun1 mutants were almost the same to the wild-type seedlings
(Supplementary Fig. 5).
4. Discussion
The PGE signal has been identiﬁed for more than 20 years
[11,28]. It requires common signaling factors GUN1 (Genomes
uncoupled protein 1) and ABI4 (a sugar-response transcription fac-
tor), like the other plastid signals [1]. However, its detailed signal-
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inhibition of plastid gene expression increases cellular sensitivity
to sugar. The threshold could be halved by additional CAP treat-
ment. Although the plastid sugar level varies signiﬁcantly over
the diurnal cycle, and in response to changes of the environment
[12], from the experiments, the threshold for plastid soluble sugar
level could be identiﬁed. Previous work suggested that low tem-
perature is itself a known inducer of LHCB expression [29], which
may make the role of sugar signaling difﬁcult to interpret. How-
ever, only LHCB1.3, LHCB2.2, LHCB2.4 and LHCB4.2 transcript accu-
mulates under the cold stress [29,30]. In our experiments, we
detected the expression level of LHCB1.1, therefore making our re-
sults reliable.
In this cold stress, the sugar levels without feeding were not
high enough to stimulate the repression of LHCB expression. And
the little repression of LHCB1.1 expression in all the plants may
be due to the oxidative damage under the cold stress. Thus, there
may be no physiological condition when adult plants use the
GUN1/pHXK pathway. This indicates that sugar/PGE pathway
works dominantly during seed germination.
An alternative interpretation to our results is that cellular
carbohydrate levels impact the developmental state of the chloro-
plast [31,32], and phxk mutant may reduce the efﬁciency of the ef-
fect of glucose on chloroplast biogenesis, and therefore reverse the
inhibitory effect of glucose on photosynthesis gene expression.
However, the size and the ultrastructure of the plastids from phxk
and the wild-type seedlings are almost the same (Supplementary
Fig. 2). Besides, CAP and 3% glucose co-treatment represses LHCB
expression in mature Arabidopsis WT seedlings, but not in phxk
seedlings, when their plastids are well-developed. Therefore, pHXK
participates the sugar signaling independent of sugar-regulated
chloroplast biogenesis.
This sugar/PGE-mediated pathway should be important for
plastid development during germination. The sugar sensing mech-
anism may be a way to block PhANGs until the chloroplast is ready
for photosynthesis. The LHCB transcript increased gradually during
the ﬁrst several days of germination, after when the plastids were
well-developed and the LHC proteins can be fully activated.
As mentioned above, the PGE signal could be regarded as a su-
gar-dependent signal. We infer that some plastid-encoded protein
represses the signal transduction from pHXK to GUN1
(Supplementary Fig. 6). When PGE inhibitors were added, the sen-
sitivity of pHXK to sugar was increased, resulting in down-regula-
tion of photosynthetic gene expression by a lower level of glucose.
Sugar sensing by HXK families was not dependent on their cata-
lytic activities per se, and HXK exhibits two distinct functions in
hexose metabolism and signal sensing in plants [14]. Therefore,
the plastid-encoded factor should bind the signaling domain of
pHXK and regulate its sensitivity, which needs further investiga-
tions. Genetic and chromatin immunoprecipitation analyses sug-
gest that the Arabidopsis nuclear HXK1 forms a glucose signaling
complex with the vacuolar H+-ATPase B1 (VHA-B1) and the 19S
regulatory particle of proteasome subunit (RPT5B) that directly
modulates speciﬁc target gene transcription [33]. Plastid genome
also encodes some H+-ATPase subunits and some proteases (both
nuclear-encoded plastid RNA polymerase and plastid-encoded
RNA polymerase-dependent), which makes our assumption about
plastid-encoded factor maybe plausible.
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